Quantum error correcting codes (QECC) are the key ingredients both for fault-tolerant quantum computation and quantum communication. Teleportation-based error correction (TEC) helps in detecting and correcting operational and erasure errors by performing X and Z measurements during teleportation. Here we demonstrate the TEC protocol for the detection and correction of a single bit-flip error by proposing a new quantum circuit. A single phase-flip error can also be detected and corrected using the above protocol. For the first time, we illustrate detection and correction of erasure error in the superconducting qubitbased IBM's 14-qubit quantum computer.
Introduction
Successful transmission of quantum information requires the information to be less affected by noise in the communication channel. Quantum error correction (QEC) [1] [2] [3] [4] achieves this by encoding the information into a large number of physical qubits and by performing operations on them to detect and correct errors. QEC is an essential ingredient in achieving fault-tolerant quantum computation [5] [6] [7] [8] . Many protocols have been proposed such as the Shor code 9, 10 and Steane code 11, 12 for error correction mechanism. Errors can be broadly divided into two types: (a) operational errors and (b) erasure errors 13 . Operational errors are the action of Pauli operators on qubits. Examples of operational errors are: (i) bit-flip error 14 (ii) phase-flip error 15 and (iii) combination of both bit-flip and phase-flip errors. Operational errors can be corrected by Quantum
Error Correction Codes (QECC) 16 such as the bit-flip code, the phase-flip code, the Shor code etc. Erasure errors are errors where photons or qubits (whose exact location information is known) are erased. A quantum erasure channel replaces a qubit (qudit) with an 'erasure state' that is orthogonal to all the basis states of a qubit (qudit) with a certain probability, thereby erasing a qubit (qudit) and enabling the receiver know that it has been erased. Erasure error occurs physically due to various situations such as the leakage to other states, atom losses 17 , and photon losses 18 .
By reliably measuring the logical operators of a code, we can actively detect and correct errors.
Teleportation-based error correction (TEC) 19 provides a method to do so. Bell measurements [20] [21] [22] implemented during teleportation acts as syndrome measurements 23 here. Erasure errors can be corrected effectively by implementing TEC.
Protecting quantum information from erasure errors remains an open challenge in a long distance quantum communication as well as in practical quantum computation. Recently Muralidharan et al. 24 investigated the usage of highly effective error correcting codes of multilevel systems to protect encoded quantum information from erasure errors and then they implemented it to repetitively correct these errors. For successful long distance quantum communication through optical fibres 25 , photon loss errors possess a major threat. They proposed three generations of quantum repeaters 18, 26 based on different approaches to correct both photon loss and operational errors. One of them employs QEC to correct both loss and operational errors and it does not require a two-way classical communication between repeater stations, which provides a significant advantage over other protocols allowing for ultrafast communication across transcontinental distances [27] [28] [29] [30] .
We explicate the teleportation-based error correction for bit-flip errors and erasure errors in IBM's 14-qubit quantum computer. We measure the fidelity of the states obtained for TEC of erasure errors using quantum state tomography [31] [32] [33] . A number of experiments related to quantum information science have been performed by researchers on IBM quantum computer since its inception. Some of the works include quantum simulation [36] [37] [38] [39] [40] , quantum artificial intelligence 41 , quantum machine learning 42 , quantum teleportation 33, 43, 44 In the proposed TEC circuit, a logical qubit is encoded in three physical qubits. Our QECC can correct one bit-flip error on an arbitrary qubit. It requires a total of eleven qubits. The quantum circuit for TEC of operational errors is illustrated in Fig. 2 . The detailed step-by-step procedure is given as follows.
where α = 0.92 and β = 0.38 as depicted in block A of the Fig. 2 .
The logical Bell state is encoded as
The quantum circuit for this encoding is illustrated in block B of Fig 4. The Bell-basis measurement of the logical operators of the code for the error detection and the corresponding error correction using unitary gates could not be implemented here due to the limitation of the architecture of the device. Instead we employ stabilizer measurements 67 for the detection and correction of errors which are performed non-destructively using two ancilla qubits and they provide the error syndrome 68, 69 for error correction. This is achieved by performing a 'collective measurement' on the first and second qubits and on the first and third qubits of the first logical qubit of the Bell state simultaneously. This is implemented using four CNOT gates between the first logical qubit of the Bell state and the ancilla qubits as demonstrated in the block D of the Fig. 2 . These are stabilizer measurements 14 of Z 1 Z 2 and Z 1 Z 3 respectively. We could understand on which qubit the error has occurred by looking at the stabilizer measurements 14 .
5. Based on these measurement results, error correction operations are applied on the first logical qubit of the Bell state using CNOT and Toffoli gates 70 . This is illustrated in the block D of the Fig. 2 . If there is a bit-flip error on the first qubit, then both the ancilla qubits are flipped to the |1 state. This error is corrected by flipping the first qubit using a Toffoli gate conditioned on the ancilla qubits and targeted on the first qubit. Due to the action of the first two CNOT gates which are targeted on the second and third qubits and conditioned on the ancilla qubits, the second and third qubits are also flipped. The first two Toffoli gates which are targeted on the second and third qubit prevent the respective qubits from flipping. If the bit-flip has occurred on the second qubit, then the first ancilla qubit is in the |1 state and the second ancilla is in the |0 state. Therefore, the first CNOT gate conditioned on the first ancilla flips the second qubit and the first Toffoli gate conditioned on these ancilla qubits remains ineffective. Similarly, if error happens on the third qubit, only the second ancilla is in the |1 state. Therefore, the second CNOT gate flips it to the original state and the second Toffoli gate conditioned on these ancilla qubits remains ineffective. In the proposed TEC circuit for erasure error, we encode the message based on redundancy and parity encoding 74, 75 . Our QECC can correct one erasure error on an arbitrary qubit. The total number of qubits required is sixteen. The quantum circuit for TEC of erasure error is given in Fig.   3 . The step-by-step procedure for erasure error correction is provided below.
We encode a logical qubit
where α = 0.92 and β = 0.38. The circuit for encoding is demonstrated in block A of the Fig. 3 .
The logical Bell state is encoded as
which is illustrated in block B of the Fig. 3 .
3. Quantum nondemolition (QND) measurements are performed using CNOT gates conditioned on the incoming message and targeted on ancilla qubits to obtain the location information of the erased qubits. This is identified as such when a qubit is erased, the conditional not is not applied between the corresponding information qubit and the ancilla qubit 28 . This circuit is demonstrated on block C of the Fig. 3 . 6. In our circuit, we assume that an erasure channel acts in between the blocks A and C. This is illustrated by a block labelled ' ' in Fig. 3 . The simulation of erasure of an error can be achieved by removing the gates which affect the qubit that need to be erased. Ideal case.
Discussion
We have successfully implemented the Teleportation based error correction (TEC) for operational errors and erasure errors on the IBM's 14-qubit quantum computer. We have also quantified the fidelity of the output states generated for TEC of erasure errors using quantum state tomography.
The TEC protocol for operational errors can be used in correcting a single bit-flip error acting on an arbitrary qubit of the encoded state and the TEC for erasure error can be used for correcting an erasure error acting on an arbitrary qubit of the encoded state. Parity and redundancy encoding is used for encoding the information in the case of erasure errors. Erasure errors affecting the transmission of information over long distances can be corrected using the TEC protocol that we proposed. The TEC based protocols in general can be implemented in any system for the detection and correction of operational and erasure errors affecting the system. In future, this work can be extended to quantify how gate errors and memory decoherence affect the error correction for erasure errors.
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